Office buildings consume large amounts of energy and are responsible for large amounts of greenhouse gas emissions worldwide. Among building energy efficiency measures, solar shading plays a significant role in reducing building energy consumption for cooling. This study analysed the influence of solar protection on daylighting of an open-plan office. Climate-based daylight modelling was used to predict such metrics as daylight factor, daylight autonomy and useful daylight illuminances. The results obtained showed that overhangs, and horizontal and vertical louvres have similar behaviours and sidefins have no relevance to indoor daylight conditions. In all cases, it has been proven that excessive obstruction may yield an excessive reduction in a range of illuminances between 500 and 2000 lux, increasing lighting energy consumption.
Introduction
The Energy Performance of Buildings Directive (EPBD) highlights the importance of reducing energy consumption in buildings, given that this represents up to 40% of the total energy consumption in the European Union. 1 In Mediterranean climates, where there are many hours of solar radiation, there is a great amount of available daylight but it is not usually used in its entirety. 2 In fact, in Spain, artificial lighting consumption accounts for up to 30% of total electric consumption in office buildings. 3 Adequate natural light and the design of the buildings, as passive strategies which take into account climate and local conditions, are becoming increasingly important to improve indoor thermal conditions, especially in summer, thus allowing the size and energy requirements for air conditioning systems to be reduced. [1] [2] [3] [4] However, problems associated with glare and visual discomfort are inevitable when direct solar radiation is transmitted into the room. In addition, the amount of solar radiation represents one of the most significant sources of overheating, especially during summer. 5 Solar shading devices block solar radiation, preventing glare and controlling direct solar gains. [6] [7] [8] Solar shading devices come in a wide variety of types and shapes, can be located inside, outside or within the envelope of a building 2, 8 and can be fixed or movable. Unlike fixed shades, operable ones are dependent on how building occupants operate them 9 or on the performance of dimming controls. 10, 11 Movable shading devices can be adjusted for changing outdoor conditions and are more effective in controlling sky diffuse radiation, since fixed devices only block a certain part of the sky vault and the performance of the movable ones is based on changing the portion of the sky vault blocked. 12 Since 1970, several publications have appeared on the interaction of office workers with respect to the use of window shade systems, mainly Venetian blinds, 7, 9, 13 attempting to establish a universal pattern for the prediction of building performance, as window blind operation affects thermal and visual environments. The development of control elements has prompted many papers aiming to determine a predictive model for the proper position of louvres, or for those controlled by workers. 7, 14 Previous studies investigated the effect of shading devices and their impact on daylight quantity and distribution, 10 energy use 4, 8 and human comfort and perception. 5, 6, 11 The occupants' actions also add considerable uncertainty in predicting how a building will perform at the design stage. 7, 9 In fact, an all too common scenario in overglazed buildings is for the blinds to be down to control glare and the lights to be on. 15 Current automated shade controls often fail to recognise when conditions worsen or change to undesirable, with shades moving to a less desirable position. 7 An approach to solar shading design, which eliminates much of the uncertainty deriving from users and controls performance, is the use of fixed shading devices (i.e. overhangs, sidefins, fixed louvres).
Fixed shading devices use static geometry and the materials' optical properties alone to reduce direct solar radiation entering a building, 16 while admitting high levels of diffuse solar radiation, often deeper into the space. 17 Fixed shading devices may reduce increasing thermal loads during summer while controlling intense summer daylight, improving vision and reducing glare. 9, 18 However, in winter they may also block a significant amount of solar radiation. This reduction of the solar heat gain would decrease the internal loads, increasing the heating energy consumption. 6 They also have a major effect on the appearance of a building, meanwhile blocking part of the view to the exterior. 5 Each face of a building requires a different shading treatment as sunlight strikes each side from different angles. 19 Any fixed horizontal shading device applied on non-south fac¸ades is less effective in reducing solar gains because it would have to be excessively deep to block direct solar radiation at low solar altitudes, 20 whereas the use of these shading devices is essential for south-oriented fac¸ades, especially in Mediterranean climates. 18 For this reason, buildings with wider north-and south-facing fac¸ades are preferable wherever the site allows, 21 according to Bellia et al., 4 who highlighted how the depth of the overhangs on the south side depends on the window height. Although the vertical fins proved to be more efficient in the northern, eastern and western fac¸ades, for the southern fac¸ade, combined shade devices turned out to be more efficient than simple devices. 22 In this regard, works like those carried out by David et al. 23 study the effect of different proposals of overhangs and sidefins. For example, rectangular sidefins significantly reduce the level of luminance of the room in comparison with triangular sidefins, and the best solar protection for the case study is clearly an overhang with an infinite width and a relative length equal to 1 (the length of the solar shading is equal to the height of the window). Other authors like Alzoubi and Al-Zoubi 24 also study the impact on indoor daylight of vertical and horizontal louvres, focusing on energy savings and quality of lighting. The results of the simulations carried out for the 21 st of June at 12 pm showed that vertical louvres can provide both good daylighting and minimum energy needs for fulfilling the IESNA requirements.
External shading devices such as overhangs, louvres and egg crates should be encouraged, given their significant impact on improving internal thermal conditions. However, in the study by Al-Tamimi and Fadzil, 19 egg crate devices were the best for reducing indoor air temperature and decreasing the number of discomfort hours due to their configuration (i.e. a combination of overhang and fin devices), which avoids solar radiation from varied sun angles.
Leo´n et al. 25 studied the potential reduction in energy demand of the most common types of solar protection: overhangs, sidefins, fixed and mobile horizontal louvres and mobile exterior blinds. They stressed that the influence of horizontal overhangs was most significant for south-facing fac¸ades and insignificant for the others, particularly north-facing fac¸ades. However, the use of horizontal louvres significantly reduced global energy needs for all geographic orientations except north. The reduction percentages varied between approximately 10% for the east and 14% for the west.
Aldawoud 5 noted that the performance of external shading devices differs depending on the design and size of these devices. Sizing overhangs and fins is crucial for ensuring their proper function especially when both are combined. Well-designed overhangs and vertical fins form a key shading strategy to reduce overheating and cooling loads during summer months.
Due to a lack of studies about the impact of fixed solar protection in the daylight performance of buildings and considering the possibility of analysing daylight conditions throughout the year with the most common dynamic daylight metrics (Daylight Autonomy and Useful Daylight Illuminances), 26 this study was proposed to examine the relative impact of fixed solar protection in the daylight performance of office buildings. It is also an attempt to give architects and engineers involved in buildings awareness about this design decision.
Methodology
This study was executed with computer simulations using the validated RADIANCE-based program DAYSIM 3.1.b. 27, 28 DAYSIM uses the daylight coefficient method developed along with the Perez All-Weather Sky model to efficiently calculate illuminance distributions for each of the positions defined for the work plane under all sky conditions throughout a year. 27, 29 By defining an annual schedule and a minimum illuminance on the workplane, DAYSIM calculates the daylight factor (DF), daylight autonomy (DA) and useful daylight illuminances (UDI), as well as other daylight metrics.
Although the limitations of DF have been widely reported, 26, 30 it is important to know how representative DF is -based on diffuse illuminance -for the local climate, as there is still some discussion as to whether DF should continue to be used or dynamic daylight metrics should be taken up instead. 29, 31 DF does not include any contributions from sunlight or take the orientation of the glazed surface into account, due to the characteristics of the CIE Overcast Sky. Furthermore, while its simplicity constitutes its major advantage, the CIE Overcast Sky model used for DF does not allow us to consider the variability of annual daylight in the space under study.
Climate-based daylight metrics allow us to study the annual daylight amount for a given space using hourly or sub-hourly calculations of the illuminance of every sensor point placed usually on the workplane. 32 Both DA and UDI are metrics that make possible to process a large amount of daylight illuminance data (up to 4380 hourly values matching the number of daytime hours for hourly calculations) for each sensor point. Both metrics analyse the illuminance data by establishing a time range, regarding diurnal occupancy of a space, and a suitable illuminance for the execution of visual tasks. 26, 32 Daylight autonomy is defined as the percentage of the working year during which there is a minimum threshold of illumination provided only by daylight. 26 The purpose of UDI is to determine when daylight levels are of use to the occupant. It is currently measured using three metrics to express the time percentage in which the following illuminance ranges are obtained: Less than 100 lux (very dark), more than 2000 lux (excessive light) and a useful range of between 100 and 2000 lux. 26 Despite 3000 lux sometimes being fixed as the upper limit and the useful range being split in two, 33 the upper illuminance threshold may change as more accurate information correlating glare and illuminance becomes known. Studies indicate that in practical situations, daylight illuminances greater than 2000 lux are considered too high for occupants' comfort -both visual and thermal, so that this work maintains 2000 lux as an upper threshold. 30 
Reference office model
The model under study is an open-plan office measuring 20 m Â 12 m Â 3.5 m located in Seville (latitude 37.42ºN, longitude 5.6ºW). The weather file used for calculations (IWEC) has been downloaded from the EnergyPlus weather data website and contains data recorded at San Pablo Airport (Seville).
Openings are distributed in two opposing fac¸ades. On each fac¸ade there are six windows measuring 1.35 m Â 0.90 m each, with a sillheight of 1 m, giving a window-to-wall-ratio of 17.50% (10% window-to-floor-ratio). There are no interior partitions and the glazing has a high visible transmittance. Although the authors placed work stations parallel to the glazed fac¸ades, their location is not fixed, so the whole area is treated as the task area. The workplane is 0.80 m from the floor, with sensor points every 0.20 m ( Figure 1 ). There is a minimum distance of 0.5 m between sensors and walls to avoid edge effects. Table 1 shows the optical characteristics of the model.
Lighting requirements of office spaces
In order to calculate the dynamic daylight performance metrics it is necessary to define the time range for which they will be calculated, as well as the minimum light level desired. Given that the space analysed is an office, the time range under study is from 08:00 h to 18:00 h. As regards the minimum light level, European Standard EN 12464-1 on Lighting of Workplaces 34 suggests an average maintained illuminance of 500 lux within the working area for office tasks. In terms of DF, an average maintained illuminance of 500 lux can be understood as the minimum DF value necessary to obtain this level of indoor illumination, considering outdoor illuminance with an annual frequency of 50% in the time range specified. This value is obtained from the IWEC weather data for Seville by calculating the cumulative curve for available diffuse horizontal diurnal illuminance from 8:00 h to 18:00 h ( Figure 2 ), so it represents the diffuse contribution for all sky types occurring during a year. The value for diffuse exterior illuminance for 50% of the working year is equal to 19,800 lux. This value gives a DF of 2.53% to obtain an internal illuminance of 500 lux.
In terms of DA for the calculation range considered, an average maintained illuminance of 500 lux requires the determination of the time percentage for which each point exceeds this minimum lighting value. Once DA values for each point have been obtained, the percentage of sensors on the workplane with a DA of 50% or above can be calculated.
Proposals
Four sets of fixed shading devices were considered to evaluate their influence on the indoor daylight environment. Each set was coded with letters and numbers according to the dimensions and variables of each protection type. Fixed protections, such as horizontal overhangs (HO), vertical sidefins (VF), horizontal louvres (HL) and vertical louvres (VL) ( Figure 3 ) with a reflectance of 55% were analysed while varying their primary dimensions in order to block different portions of the sky vault: 08 (without obstruction), 158, 308, 458 and 608 of obstruction ( Table 2) .
In this study, solar shading devices are orthogonal to the fac¸ade so their obstruction angle are determined by the depth of each element or, maintaining a certain depth as in the case of louvres, by the distance between them. For all proposals, the reference model has been defined as a no shading model, without solar protection. Two different orientations were considered for the reference model to study the effect of the shading devices in the four cardinal orientations. Given that the opposing glazed fac¸ades of the original reference model faced north and south, the model was also rotated 908 to consider east-and west-facing glazed fac¸ades. The shading devices were applied separately to the south, east and west fac¸ades, and were applied in pairs to the north-south and eastwest fac¸ades (Table 3 ).
In the case of vertical sidefins, these face south on the east fac¸ade (SoE) and on the west one (SoW), and were also studied separately facing east (EoS) and west (WoS) on the south fac¸ade. Moreover, vertical sidefins facing south on the east and west fac¸ades (SoEW), and facing east (EoNS) and west (WoNS) on the north and south fac¸ades were studied.
Results
The values of the DF, DA and UDI for every sensor on the workplane were calculated for each model. This was followed by the calculation of the percentage of grid sensors above 2.53% DF and 50% DA, needed to reach 500 lux during 50% of the time range and the average of UDI distribution values for each range. These values are presented in groups for each type of solar protection studied: Overhangs, vertical sidefins, horizontal louvres and vertical louvres, comparing the results of each model within the group with the results of the reference model.
The results of the original open-plan office in Seville, with north-south glazed fac¸ades and no obstructions, are shown in Table 4 . Figures 4 and 5 show the results obtained for the different overhang depths studied, expressed in relative terms with regard to the original model. The values are ordered from lowest angle of obstruction to highest as follows: 08, 158, 308, 458, 60º.
Overhang
Given the limitations of the DF, as shown in Figure 4 , the results obtained for the different orientations do not vary. As the angle of obstruction increases, the proportion of the workplane in compliance with the set criterion decreases, resulting in a reduction of 45.1% compared with the reference model when applied to a single fac¸ade and a reduction up to 85.1% if overhangs are fitted on both glazed fac¸ades, given the greater reduction of the sky vault visible by windows.
Daylight autonomy is also progressively reduced as the angle of obstruction of the overhang increases. It is practically correlated when applied on two fac¸ades and squared in the case of overhangs only installed on a single fac¸ade, since the other fac¸ade is maintained as a source of daylight. The results show that the overhang on the south-facing fac¸ade is more efficient in blocking solar radiation and results in a reduction of up to 40% of the area of the workplane, exceeding the criterion established with respect to the original model, and up to 60% if also installed in the north-facing fac¸ade. The overhang in the east-facing fac¸ade alone has the least incidence in terms of DA, with a reduction of only 9% with respect to the values obtained without solar protection.
While DF and DA decrease as the angle of obstruction increases, the proportion of the workplane in a useful illuminance range increases by 10% for overhangs on the south-and west-facing fac¸ades. If the overhang is added to the east-facing fac¸ade the increase is 3%. If overhangs are fitted on both glazed fac¸ades there is a 10% increase in both cases.
In the case of the percentage of the workplane with illuminances below 100 lux, as the angle of obstruction is increased, there is a linear increase of around 10% if applied to a single fac¸ade, resulting in the same behaviour for the three options studied. This increase is close to 20% if an overhang is added to both fac¸ades, with no variations depending on orientation.
As regards UDI42000 lux, the results show a linear decrease with the depth of the overhangs; the most efficient overhang is on the south-facing fac¸ade, eliminating the proportion of workplane surface with excessive illuminance. The least reduction is observed for the overhang on the east-facing fac¸ade, with the highest obstruction of solar radiation on a surface of around 10%; it is most effective when combined with the protection of the west-facing fac¸ade.
The results show that the overhangs fitted on the south-facing fac¸ade, alone or in combination with overhangs on the northfacing fac¸ade, are most effective when reducing excessive illuminance in spaces. In fact, although there is a major reduction in DA, the results of UDI 100-2000 lux show that most of the workplane surface remains between 100 and 500 lux, and may require additional artificial lighting.
It is also concluded that, considering the location and the set working hours, there is greater incidence of solar radiation during the afternoon than during the morning and, therefore, any strategy applied to the eastfacing fac¸ade is barely relevant in global behaviour.
Sidefins
The results obtained for the different proposals with sidefins are shown in Figures 6  and 7 .
As seen in Figure 6 , the presence of solar protections has little influence on the DF, and the workplace surface exceeding the established criterion remains mainly as in the original model for all cases, although it decreases slightly as the depth of the sidefins increases.
As regards DA, the most effective strategies for blocking direct sunlight are those which protect the openings of the southfacing fac¸ade to the west, resulting in a reduction of up to 16%, and the incorporation of protection to the west of the northand south-facing fac¸ades, where there is a reduction of up to 30%. The strategies with the least incidence are those that protect the openings of the east-facing fac¸ade and the addition of sidefins towards the east on the north-and south-facing fac¸ades.
Although there is a slight increase of useful illuminance values, in all cases the calculation surface remains at around 73%, with around 15% of the surface having illuminances below 100 lux and a slight decrease in values relating to excessive illuminance.
In general it can be stated that incorporating sidefins barely has any effect on the extreme illuminance ranges. The most notable effect occurs in the illuminance range between 500 and 2000 lux, given that the presence of Figure 7 UDI differential results for sidefins sidefins reduces DA, but with the UDI results, this reduction increases the number of points on the calculation surface between 100 and 500 lux, and additional artificial lighting is required.
Horizontal and vertical louvres
The results for the horizontal louvres can be seen in Figure 8 Figure 9 (a) and (b) shows those for vertical louvres. In these cases, the depth remained constant and the distance between louvres was modified to obtain different angles of obstruction.
When horizontal louvres are incorporated, their influence on the daylighting conditions exhibits similar behaviour as regards DF, and also similar to the UDI with the addition of overhangs, both when added to a single fac¸ade and to two glazed fac¸ades.
As regards DF there is greater emphasis on the reduction of the workplane exceeding the set criterion, this reduction being up to 50% for a single fac¸ade and 100% when fitted on both fac¸ades. In the case of the UDI values, the differences obtained with overhangs are maintained, according to the fac¸ade and In the case of DA, compared with the addition of overhangs, the presence of horizontal louvres presents the greatest differences for the higher angles of obstruction. When applied to a single fac¸ade, all cases exceed the criterion established, even with the greatest obstruction angle. However, if these are added to both fac¸ades the reduction in DA is much more pronounced and produces a reduction that is excessive for the 608 angle of obstruction, so the maximum angle of obstruction should be 458.
As regards the incorporation of vertical louvres, its influence on the daylighting conditions differs from the results obtained using sidefins. Although some tendencies remain, these have more pronounced slopes, both when incorporated on a single fac¸ade or on both glazed fac¸ades. DA differences show the greatest variations compared with the results of the sidefins.
According to the established DF criterion, applying vertical louvres provides a greater reduction with respect to the original model, without shading devices, than using sidefins and this reduction is more pronounced when Figure 9 . (upper) DF and DA differential results for vertical louvres. (lower) UDI differential results for vertical louvres.
applied on both fac¸ades. In addition, there are barely significant variations in UDI values with the incorporation of vertical louvres to the east or west, except for differences in the reduction of UDI42000 lux, where the louvres on the fac¸ades cause the least reduction in the workplane with excessive illuminance. As regards DA, the presence of vertical louvres on the south-facing fac¸ade causes major reductions. When it is also placed on the north-facing fac¸ade it shows a linear behaviour, so that minimum requirements are not reached for high levels of obstruction. Thus the recommended limit for the obstruction angle is 308.
Similar behaviour, although not as noticeable, can be observed in cases with vertical louvres on fac¸ades facing east or west, or both fronts simultaneously. In the case of the vertical louvres, the reduction in DA contributes to increasing the portion of the workplane between 100 and 500 lux and to a more noticeable increase in UDI5100 lux.
Discussion and conclusions
As well as emphasising the influence of local climate conditions in establishing strategies to reduce energy demand, and in view of the increasing cooling consumption, the European Directive on Energy Efficiency in buildings highlights as priorities those strategies aimed at reducing energy demand in summer.
In this respect, solar protections are elements that reduce the amount of sun exposure of spaces, blocking the entry of a high intensity heat source: Solar radiation. In addition, the incorporation of solar protections can be executed during the useful life of buildings, making it a strategy to be considered not only during the design phases for new buildings, but also in the energy refurbishment of existing ones.
However, we must bear in mind that solar radiation is also a source of lighting, making it necessary to suitably design and study the solar protections so that they do not have a negative effect on daylighting conditions and cause an increase in artificial lighting consumption.
Until relatively recently, solar charts were the most frequently used tools to provide information on the effectiveness of solar protections, and since DF does not consider direct illuminance and generally uses a cylindrically symmetrical luminance distribution of the sky vault for calculation, it only offers information on the loss of diffuse illuminance, or the loss of sky vision, due to the presence of solar protections, being insensitive to orientation.
Solar charts are also basic tools for the correct design of solar protections based on solar geometry, strengthening inherited knowledge or the golden rules, which state that the west orientation is the most challenging as regards protection, followed by the east orientation, where vertical louvres are advised. In the case of south-facing fac¸ades the best strategy is the incorporation of horizontal louvres. However, solar charts depend on the latitude of the point of study and do not provide information on the intensity of solar radiation, thermal and luminous, which reaches a point.
After a decade daylight metrics based on climate-based simulations are starting to be considered as the basis for future building guidelines, and it is thought that these oneparameter studies are initial steps in that direction. It should also be noted that this paper refers to Seville, so the optimal energy solutions are different from those of other locations, specially for those whose colder climates usually require high solar gains in winter and therefore have little or no need for fixed shading devices for buildings. 4 The study of the different proposals made possible to verify that the most effective solar protections for blocking direct solar incidence on the spaces are based on horizontal elements, like overhangs and horizontal louvres, found on south-facing fac¸ades even in the case they are applied in combination with north-facing fac¸ades. The least effective protections are those based on vertical elements, like sidefins and vertical louvres, especially if they are installed to protect an opening from solar exposure from the east, that is to say, morning radiation, at least in Seville, where solar exposure in the afternoons is much more intense.
Incorporating solar protections on a single fac¸ade or on both glazed fac¸ades produces a linear increase in the percentage of the workplane within the useful illuminance range, between 100 and 2000 lux. Depending on the case, this percentage is between 70% and 80%. This variation of around 10% is generally reflected in a decrease in surface area with excessive illuminance (UDI42000 lux), with between 15% and 20% of the surface area with illuminance below 100 lux during the period considered.
Despite the practically minimal variations in useful illuminances, the results in DA show the greatest variations. In all cases, there is a reduction for the surface in excess of 500 lux during 50% of the time range studied, as the angle of obstruction is increased, to a greater or lesser degree depending on the case. When the solar protections are applied on only one fac¸ade, this surface is almost always greater than 50%. However, when incorporated on the two glazed fac¸ades of the models, this tendency remains for overhangs and sidefins. In the case of the louvres, for high angles of obstruction, the reduction is excessive, and in these cases distances between louvres which provide obstruction angles above 308 are not recommended.
Although the presence of solar protections can cause drastic reductions in the autonomous surface, this reduction is not reflected as noticeably on UDI variations, indicating that solar protections reduce the surface with illuminances between 500 and 2000 lux, generally increasing the surface with an illuminance between 100 and 500 lux, and thus requiring complementary artificial lighting.
It can be observed that the incorporation of overhangs and horizontal and vertical louvres results in approximately the same effects as regards the surface in useful range with excessive or insufficient daylight. The reduction in surface with autonomy also follows the same tendency in all three cases, and is less noticeable when incorporating overhangs. In view of this, and given that the effects are similar, choosing between one type or another may be determined beforehand by architectural design considerations.
However, this study proposes basic solar protection devices, although there are in fact more complex protections that will be studied in greater depth in future, basing their efficiency on their depth or on the surface obstructed, such as a double skin. Of course, mobile shading devices have been widely studied but as they depend on occupants' behaviour and/or dimming controls they introduce such an uncertainty and lie outside what the authors consider building conditioning and its relationship with building design. 
